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Introduction
Microtubules are highly conserved cytoskeletal structures that are important for cellular architecture, cell motility, cell division, and intracellular transport 1 . These dynamic polymers assemble from tubulin in the presence of GTP, and they switch spontaneously between growth and shortening 2 . Microtubules are very thin (only 25 nm in diameter) therefore special optical techniques to enhance contrast should be used to observe microtubules with a light microscope. Previous work with these polymers examined their dynamic behavior using differential interference contrast (DIC) 3 . This and similar studies in vitro revealed that under typical experimental conditions, the microtubules undergo catastrophe and switch to the depolymerization only rarely, once every 5-15 min (this frequency is for 7-15 mM soluble tubulin concentration examined at 28-32 °C) 4 . Different techniques have thus been proposed to induce microtubule depolymerization in a controlled manner. Microtubule shortening can be triggered by washing away soluble tubulin 5, 6 , cutting microtubules with a laser beam 7 , or using segmented microtubules 8 , as described here. Previous work using segmented microtubules, as well as stochastically switching polymers, has found that small intracellular cargos, such as chromosomes, vesicles, and protein-coated beads, can move at the ends of the shortening microtubules [9] [10] [11] [12] [13] . This phenomenon is thought to have a direct implication for chromosome motions in mitotic cells, and the underlying mechanisms are currently under active investigation . Fluorescence intensity of the tip-tracking signal can then be used to estimate the number of molecules that travel with the disassembling microtubule ends, taking into account the unevenness of the microscope field illumination (Protocol 7). A similar approach can be used to study interactions between depolymerizing microtubules and protein-coated beads, prepared as described in 27 (Protocol 8) . Some proteins will readily bind to the walls of segmented microtubules, but laser tweezers can also be used to hold the bead near the microtubule wall, thereby promoting its binding.
Protocol
Required equipment: The experiments described below require a light microscope equipped for DIC and fluorescence imaging ( Table 1) . Bright field LED illumination can be used to significantly improve the detection of the coverslip-attached microtubule seeds 37 , which are difficult to observe with a regular Halogen lamp. To control liquid flow in microscopy chambers, the solutions should be exchanged with a peristaltic pump capable of flow speeds from 10-100 μl/min. A syringe pump can also be used but care should be taken to avoid air bubbles that may form when the flow speed is changed abruptly. For handling protein-coated beads, for example to bring them close to the segmented microtubule wall, a 1,064 nm continuous wave laser beam can be introduced into the microscope's optical axis and focused with a high numerical aperture objective (1.3 or higher) to produce a trap. For quantitative analysis of the fluorescent intensity of single molecules the excitation light should be provided by a laser-base source since the intensity of this light source is more stable than that generated by a mercury lamp. To minimize mechanical vibrations, the microscope should be placed on an optical table. More sophisticated equipment is required to study the movement of the beads with the depolymerizing microtubule ends under a constant force, and to measure the single-shot force signals 11, 38, 39 , these methods will be described elsewhere.
Manufacturing Reusable Flow Chambers
Glass slides for reusable flow chambers can be ordered from a local glass manufacturing facility using schematics in Figure 1B (see Table 2 for details about our supplier). With ultrasonic milling modify regular microscope slides (75 mm x 25 mm, 1.0 mm thick) to make two grooves 15±1 mm long, 1.0±0.1 mm wide and 0.8±0.05 mm deep. Distance between the closest ends should be 14±1 mm; this distance is optimal for a chamber assembled with 22 mm x 22 mm coverslip. See Table 2 for a list of other materials.
1. Put the coverslips into the glass coverslip staining jars and fill the jars with acetone. Incubate for 1 hr, wash 10x with deionized water. 2. Incubate the coverslips 10 min with ethanol and wash again 10x with deionized water. 3. Prepare "piranha" solution. Put 60 ml of hydrogen peroxide solution (30% in water) in a heat-resistant glass vessel and slowly add 100 ml of sulfuric acid (final ratio of acid to hydrogen peroxide solution is 5:3). Solution will heat up, this is normal but use caution. Piranha solution is extremely corrosive! Use thick lab coat, gloves and goggles! 4. Fill the coverslip staining jars with "piranha" solution, close the lids and place the jars in a water bath preheated to 90 °C for 1 hr. 5. Pour off the "piranha" solution and discard as instructed by the safety regulations at your workplace. Wash coverslips 10x with deionized water. 6. Fill the coverslip staining jars with 0.1 M KOH, incubate 10 min, and wash 10x with deionized water. This will neutralize any acid residues left on the coverslips after "piranha" treatment. 7. Dry coverslips one at a time by holding each coverslip with Teflon coated flat-edged tweezers (to minimize damage to a glass surface) and while blowing compressed dry nitrogen. Make sure that coverslips are dried completely, because silane solution is highly reactive with water. 8. Stack the dried coverslips in ceramic holders (12 coverslips per holder), which should be thoroughly predried with nitrogen. Keep the ceramic holders covered to avoid dust from sticking to the coverslip surface. 9. Cover the bottom of 250 ml glass jar (6 cm in diameter) with Molecular Sieves, Grade 564, for water absorption. 10. Fill the jar with 200 ml of PlusOne Repel Silane solution and slowly immerse a ceramic holder with coverslips in a jar, close the lid and incubate for 5 min at room temperature. This will create hydrophobic coating on the coverslip surface. 11. Slowly remove the holder with coverslips from the jar and transfer coverslips one at a time into the coverslip staining jars filled with methanol. 12. Place a metal or glass pedestal into the water reservoir of a sonic bath, such that the coverslip staining jar is immersed for 2/3 of its height.
Sonicate at 70 W for 20 min, changing methanol solution every 5 min, then rinse 10x with deionized water. If the silanization worked properly, the coverslips will appear dry when removed from water. 13. Thoroughly remove any residual water using nitrogen, as above. 14. Interlay the coverslips with Kimwipes to avoid surface-to-surface contact between the coverslips. Coverslips can be stored in a sealed container for several weeks at room temperature. 
Preparation of GMPCPP-stabilized Microtubule Seeds
This procedure will take ~1 hr and the resulting microtubule seeds are stable for 1-2 days at room temperature. See Table 4 for a list of reagents.
Mix on ice:
• 10 μl unlabeled tubulin (100 μM, Table 4 ) in BRB-80 buffer (80 mM Pipes, 1 mM EGTA, 4 mM MgCl 2 , pH 6.9 with KOH; supplement with 1-2 mM DTT using fresh aliquot for each experiment). • 2.6 μl digoxigenin-labeled tubulin ( Table 4 ). Adjust volume depending on preparation, such that the final ratio of labeled to unlabeled tubulin is ~1:10. Mix well by pipetting. 
Attachment of Microtubule Seeds to the Coverslips
Protocols 4 and 5 will require 2-3 hr, so two flow chambers are used per day.
1. Assemble flow chamber as per manufacturer's instructions using silanized coverslips and proceed to step 4.2. If using custom-made coverslips (Protocol 1), follow the steps below. 1. Attach two pieces of double-sided tape (5 mm x 30 mm) along the central ~5 mm wide area, put silanized coverslip atop the tape, press firmly. 2. Fill the chamber with BRB-80 through one of the tubes and plug both tubes with round toothpicks. 3. Squeeze a small drop of two-colored Kwik Cast sealant on top of a small plastic Petri dish, and mix quickly but thoroughly using a toothpick. The sealant will turn green; apply immediately, carefully sealing all edges of the coverslip. If the sealant penetrates too deeply under the coverslip, open one of the tubes by removing the toothpick plug and apply gentle pressure to prevent sealant from leaking inside the tubes. 4. Let the chamber dry for 10 min and confirm that the flow is not restricted before proceeding further.
2. Place the chamber on a microscope stage prewarmed to 32 °C and attach one of the tubes to a pump, which will pump the liquid out. The length of the inlet tube should be minimized to avoid the unnecessary loss of reagents: the recommended length is 5-7 cm. Immerse this end in a 0.5 ml vial with BRB-80 buffer. This and all solutions below should be prewarmed to 32-35 °C. 3. Apply a gentle pressure with a pump or simply lift the end of the outlet tube to squeeze out the air bubbles, which may form occasionally when the inlet tube plug is removed. 4. Set the pump rate at 100 μl/min. Wash with 2 chamber volumes of anti-digoxigenin antibodies diluted 1:30 in BRB-80, incubate 15 min to allow antibody adsorption. 5. Wash with 5-10 chamber volumes of warm BRB-80, incubate 10 min with 1% Pluronic F-127 in BRB-80 to block the hydrophobic surface of silanized coverslip. 6. Wash with 5-10 chamber volumes of motility buffer (BRB-80 supplemented with 0.4 mg/ml of casein). 7. Reduce the pump speed to 10 μl/min and perfuse microtubule seeds diluted 1:200-1:600 in 30-40 μl motility buffer. Incubate 15 min to promote binding of the seeds to the coverslip-adsorbed antibodies. 8. Wash the chamber at 100 μl/min with 400 μl of motility buffer to remove any unbound material.
Note 1: The resulting density of seeds should be 10-30 per microscope field (Figure 2A ). To troubleshoot, use fluorescently labeled tubulin during polymerization (step 3.1) for easier detection of the coverslip-attached seeds.
Note 2: Axonemes prepared from Chlamydomonas 40 or other biological sources, as well as the pellicles of lysed and deciliated Tetrahymena cells 41 can also be used as microtubule nucleators. These nucleators are useful for creating small microtubule arrays, and are preferred when microtubules with specific number of protofilaments are desired (GMPCPP seed nucleates one microtubule that contains ≥14 protofilaments 42 ). These structures can be attached to the cleaned coverslips by nonspecific absorption, but the attachment is usually less stable compared with antibody-based attachment, especially when using the silanized coverslips.
Preparation of Segmented Microtubules
All solution volumes below are for chamber volume 15-20 μl; increase proportionally if larger chamber is used. Stable microtubule segments will also nucleate spontaneously and will be visible with DIC optics. 5. Wash the chamber well with 100 μl of motility buffer at 20 μl/min to remove tubulins and nucleotides, as well as soluble microtubule fragments. 6. With DIC, confirm that the microtubules are visible ( Figure 2D) ; their number, however, should decrease because many microtubules disassemble during capping (Video 2 shows a typical field with segmented microtubules).
Note 1: Segmented microtubules are very stable and can be used for at least 2 hr. However, the lifetime of these microtubules decreases with excessive solution exchange, or if 2-mercaptoethanol is used in the imaging buffer.
Experimental Observation of the Protein Tracking with Depolymerizing Microtubule Ends
1. Introduce 30-50 μl of fluorescent protein (0.1-20 nM) into the chamber at 10 μl/min. If protein sticking to the coverslip is evident, supplement the motility buffer with 4-8 mg/ml BSA. Alexa488-Dam1 tip-tracking additionally requires 10 mM DTT or 0.5-1% βME 10 . 2. Limit the illumination field using a microscope field diaphragm to avoid the unnecessary bleaching and disassembling of the microtubules. 3. Start video acquisition using GFP filter cube, then switch to Rhodamine filter cube without interrupting the image recording. The red segments at the microtubule ends should be clearly visible; they will begin to fade and disintegrate quickly (Video 3). 4. Continue to illuminate until the caps almost disappear (usually for 10-20 sec but this time will be longer for the caps grown with a lower Rhodamine labeling ratio), and switch back to the GFP channel to record protein tracking with microtubule disassembly. 5. Analyze the resulting sequences by constructing kymographs, i.e. two-dimensional images that show fluorescence intensity along microtubule axis for various times during observation) using MetaMorph, freely available ImageJ or other image processing software ( Figure  2E ).
Note 1: Acquisition rate should be adjusted depending on the timing of the observed events. The recommended rate is 2-3 frames per second (fps) for the slow-moving, ring-sized Dam1 complexes 27 but acquisition time for single molecules should be >20 fps 19 .
Note 2: A highly sensitive EMCCD, e.g. ANDOR iXon3, is required for the fast recording of tip-tracking events with depolymerizing microtubules. The recommended settings for Andor iXon3 camera are: gain 5x, EM gain 200, 1 MHz readout speed, 16-bit sensor mode, 80 msec exposure time.
Note 3: Using TIRF microscopy will improve signal-to-noise ratio, however, shorter microtubules should be used, such that the fluorescent stabilizing caps remain within the reach of evanescent field.
Quantitative Analysis of the Molecular Size of Microtubule Tip-tracking Complexes
The rationale for this approach is to determine the number of molecules in a tip-tracking complex by finding the ratio of total fluorescent intensity of the tip-tracking complex to the intensity of a single fluorophore. This approach can be applied to GFP-protein fusions and proteins labeled with fluorescent dyes, but it may underestimate the number of molecules in the tip-tracking complexes if some protein molecules in the preparations are not fluorescent.
1. Record photobleaching kinetics for the fluorescently labeled protein molecules. 1. Assemble regular microscopy chamber using a nonmodified glass slide, two strips of double-sided tape, and a clean coverslip, which can be prepared using the entire Protocol 2, or only steps 2.1-2.6 of this protocol. 2. Add approximately 50 nM protein in motility buffer, wash briefly with motility buffer and seal the chamber with VALAP ( Table 4) .
Optimize protein concentration to obtain the field with evenly dispersed spots (Figure 3A) , representing single molecules and their small aggregates (trimers and tetramers, which may form spontaneously in the solution or may appear when several single molecules are close together and cannot be resolved). This step is very important for obtaining a multi-peak distribution of photobleaching steps and accurate determination of a step size (see below). 3. Minimize the illumination laser intensity at which the individual fluorescent spots are still visible; with lower illumination the photobleaching time is extended, so longer photobleaching traces can be obtained. Also minimize the exposure time to reduce the probability of more than one fluorophore bleaching during one frame. The recommended setting for Andor iXon3 camera: gain 5.0x, EM gain 999, 10 MHz readout speed, 50-100 msec exposure time. and acquire the images immediately after opening the shutter. 4. Create average projection of this stack and filter with Gaussian blur with 5 pixel radius using ImageJ or other software ( Figure 3C) .
The resulting image represents the distribution of the illumination intensity of the field (Illum(x,y), where x and y correspond to pixel's coordinates). 5. Determine the maximum pixel brightness of this image (Max(Illum)). 6. With the closed illumination shutter and using same camera settings as in Section 7.2.3 acquire one image, determine the average pixel intensity of this image; this value corresponds to CN, camera noise. 7. Use the above values and image (Illum(x,y)) to normalize the experimental image (img(x,y)) using the following expression:
Use the resulting image img norm (x,y) for the quantitative analysis of the brightness of the stationary fluorescent complexes, and also to normalize the images with tip-tacking complexes (Figure 3D ).
3. Determine intensity of a single fluorophore.
1. Using normalized images img norm (x,y) and any image processing software select a fluorescent spot with a circular region (5-6 pixels in diameter) and determine its integral intensity for all frames, generating the photobleaching traces. Avoid very bright dots (> 5-fold brighter than the dimmer ones). 2. Using the same circular region tool, select at least 3 spot-free areas, generate the corresponding photobleaching traces, average and fit with exponential decay function. 3. Tabulate this background intensity curve to match the experimental time points and subtract it from the photobleaching curves. 4. Smooth the photobleaching curves (average with the sliding window of 3-5 points). Visually inspect the resulting curves and discard any curve that shows an abrupt increase in fluorescence or lack of obvious bleaching ( Figure 3E ). 5. For each of the remaining curves (usually 50-70% of the total number of curves), visually select the final plateau, when the fluorescent spot has bleached. Shorten this segment to leave only ~100 points and average these intensities. Subtract this value from the shortened photobleaching curve to minimize small variations is the background levels and to reduce the size of the background peak (below). 4. Determine the molecular size of the tip-tracking complex. 1. Use images collected with Protocol 6 and select the first 2-4 frames, which were acquired immediately after opening the shutter. If the field was illuminated for some time before the tip-tracking was observed, estimate the original intensity from the kinetics of photobleaching under the same experimental conditions. 2. Average the selected frames and normalize the resulting image as in Sections 7.2.5-7.2.7. 3. If using upright microscope, remove the chamber from the microscope stage and invert it for 5-10 min to allow beads to sediment at the coverslip. This promotes a better binding of the bead to the microtubules tethered to the coverslip, but this procedure is not successful with 0.5 μm polystyrene beads, which show little gravity-based sedimentation during such a short time. 4. Select a bead that is attached to the coverslip-tethered microtubule; the bead should move in a clear arc 44 ( Figure 4A ). The tethered bead should be located 1-3 μm away from the coverslip surface, which is clearly visible owing to the occasional coverslip-attached beads that remain motionless. 5. Switch to Rhodamine filter cube and begin collecting images while using DIC illumination. 6. Open shutter to illuminate the imaging field (restricted with a field diaphragm) with a mercury lamp or 530-550 nm laser. Continue recording until the bead detaches or moves with the disassembling microtubule end (Figures 4D, 4F , and 4G).
Note 1: Optical trap can be used to promote interaction between the microtubule wall and protein-coated bead. This is especially useful when working with beads coated with kinesin motors (Figures 4E-G) . Follow same protocols as above but supplement motility buffer with 2 mM Mg-ATP. In step 8.3, capture a free floating bead with the 1,064 nm laser beam, move the stage to bring the trapped bead closer to the segmented microtubule wall. Begin imaging with low light DIC and via the Rhodamine filter cube and wait for the bead to begin walking toward the capped microtubule end. After the directed bead motion is observed, close the shutter for trapping beam and open the shutter for fluorescent illumination. Continue recording until the bead detaches or tracks with the disassembling microtubule end.
Representative Results
Protein tracking with depolymerizing microtubule ends. Yeast kinetochore component Dam1 is by far the best tip-tracker of the depolymerizing microtubule ends 14 . This 10-subunit complex labeled with GFP can be readily expressed and purified from bacterial cells 18, 38 , so we recommend using it as a positive control for the tip-tracking assay. A fluorescent protein that tracks with the depolymerizing end of a microtubule is seen as a bright fluorescent spot steadily moving towards the coverslip-attached seed (Video 3). It will also appear as an oblique line on a corresponding kymograph ( Figure 2E) . In contrast, if the protein fails to tip-track, the microtubule shortens without showing enrichment in fluorescent signal at the microtubule end, such as seen for human Ndc80-GFP complex 19 ( Figure 2F ). When the processive tracking is observed, the rate of microtubule shortening can be determined by tracking the moving dot or by measuring the slope of the oblique line on the corresponding kymograph. This can give information about the strength of protein-microtubule end binding 45 . Proteins that bind strongly to the microtubule, like the Dam1 ring complex, slow down the rate of microtubule depolymerization. This effect, however, depends strongly on the size of the tip-tracking complex and the small complexes may exert little or no effect on the rate of microtubule disassembly 27 . Thus, the change in the rate of microtubule shortening should be interpreted in the context of the size of the tip-tracking complex. Under some conditions, the tracking may be accompanied by the increase in brightness of the tip-tracking complex, as the depolymerizing end "collects" the protein that was bound to the microtubule lattice. In this case the rate of depolymerization often slows down concomitantly with the increasing size of the tip-tracking complex. In other cases the relationship is more complex. For example, many subunits of the Dam1 protein complex, in which GFP was conjugated at the N-terminus of Dam1 subunit, can be collected at the end of the shortening microtubule ( Figure 2G) . Microtubule disassembly eventually stalls; presumably because the force of microtubule depolymerization is not strong enough to move complexes that are too big. The disassembly often resumes after a decrease in tip brightness, which indicates dissociation of some of the tip-associated Dam1 . Careful examination of these relationships is important because the microtubule-binding proteins that do not track processively can also slow down the rate of microtubule disassembly 19, 31, 46 .
Bead tracking with depolymerizing microtubule ends. Many microtubule-binding proteins have already been identified as couplers for the microbead motion with dynamic microtubule ends 5, 11, 27, 39, 47 . Strikingly, even the Ndc80 protein complex can sustain the microtubule end tip-tracking by the beads 29, 30 . Usually, binding between protein-coated beads and microtubules is strong, so when beads are added to the microscopy chamber they bind readily to the segmented, coverslip-attached microtubules ( Figure 4A ). It is not always possible to definitively see with DIC whether the bead became attached to only one microtubule. We have developed several criteria to avoid recording the beads that have formed attachments to several microtubules. First, a bead that is attached to one microtubule should show an arc-like motion, as the microtubule pivots slightly around the site of its growth from the cover-slip attached seed ( Figure 4B) . Second, when the stabilizing cap is illuminated, only one red segment should be seen distal from the seed and bead (Figure 4C) . The cap can often be seen following the bead's arc-like motion until the cap bleaches (Video 4). Third, the bead motion (or its detachment) should be observed shortly after the cap has bleached and the direction of bead motion should be consistent with microtubule orientation, which was deduced based on the above observations. Fourth, as the microtubule shortens and the bead moves towards the seed, the amplitude of the arc-like oscillations should decrease (Figure 4D ).
When the tracking by the bead is very processive, as shown in Figure 4D , these criteria are often satisfied. However, if the bead tracking is not processive, after some initial directed motion the bead detaches and begins diffusing randomly. With larger beads, e.g. 1 μm glass beads, this thermal motion is slow enough that it could be misinterpreted as an arc-containing motion with the shortening microtubule end. A formal criterion based on the magnitude of bead's deviation from the linear track can be used to discriminate such events 29 . In our previous work we calculated average bead excursions across the microtubule axis and estimated that if this value exceeded 0.4 μm/1 μm of the microtubule-parallel bead motion, the bead was likely to diffuse randomly with 95% confidence. Using this measure we found that even in "control" bead preparations, e.g. beads coated with nonspecific antibody or streptavidin-coated beads used in conjunction with biotinylated microtubules, 5% of beads were judged to move processively. If greater accuracy is desired to monitor motions of beads with low processivity, we recommend using a laser trap, where the directed bead motions are easier to identify.
Laser trap should also be used if the beads fail to form lasting attachments to stable microtubules. We used a laser beam to capture beads coated with different protein constructs of plus-end-directed kinesin CENP-E and to "launch" such beads on the segmented microtubule walls (Figure 4E ) 24 . In the presence of ATP these beads move rapidly (20-25 μm/min) towards the capped microtubule plus ends; on a kymograph, such motion results in the oblique line directed toward the cap (Figures 4F and 4G) . After the cap is destroyed, a bead coated with the truncated CENP-E protein detaches from the microtubule (green arrow on Figure 4F ). However, the full length CENP-E protein can sustain bead motion in the reverse direction, i.e. toward the minus microtubule end (Video 5). As a result, the kymograph for such beads shows a zigzag pattern, indicating the presence of both plus-end and minus-end directed motions by the beads coated with full length, and not truncated CENP-E. We expect that other microtubule-dependent motors may exhibit similar motility 5, 13 , and hope that the assays we describe will help to advance the studies of microtubule tip-tracking by these and other microtubule-binding proteins. . Initially, microtubule is decorated uniformly, although increased GFP fluorescence is observed at the capped end after Rhodamine excitation. This increase depends on the soluble pool of Ndc80-GFP protein, but the underlying mechanism is not known. After the cap disintegrates, microtubule shortening becomes evident but there is little enrichment of fluorescence at the microtubule tip, indicating a lack of tip-tracking. G. Distance from the tip-tracking Dam1 spot to the axoneme, which was used for microtubule nucleation in this experiment 10 , was measured using MetaMorph Track Points drop-in. The initial brightness of the moving complex corresponds to about 15 subunits: enough to form a single Dam1 ring. The brightness of the moving complex was normalized to the intensity of coverslip-attached, motionless fluorescent spots to correct for bleaching. Horizontal scale bars: panels A, B, D (10 μm), panels C, F, E (3 μm). Vertical scale bars: 10 sec. Click here to view larger image.
